Multiple mitochondrial DNA (mtDNA) deletions have been reported in patients with autosomal dominant and recessive disorders. We studied several affected and one non-affected individuals belonging to a pedigree in which the inheritance of the pathological trait was compatible with an autosomique dominant transmission. Affected members had late-onset multisystem disorders with multiple mtDNA deletions in skeletal muscle. But this family presented a striking difference from previously described cases, because none of the patients had progressive external ophthalmoplegia (PEO). We also studied one young boy with a no contributary family history. He had a cerebellar ataxia with PEO and multiple mtDNA deletions in muscle. Molecular analysis revealed that in the first family, repeated sequences were present at the breakpoint junctions, whereas such motifs were not found in the young patient's case. In the first family, we evidenced mtDNA point mutations in clones containing breakpoint junctions and a 9-bp motif triplication in the intergenic COII/tRNA Lys region, whereas this sequence is repeated twice in the wild type mtDNA. Our results suggest that multiple deletions observed in the two pedigrees result from different molecular mechanisms and point out the role of repeated sequences in the first pedigree. No mtDNA repair system has been described in mammals so far, but the molecular abnormalities found in the first family suggest that a defect in an mtDNA repair system, homologous to the E. coli MutHLS pathway, could be responsible for such a phenotype.
Introduction
Mitochondrial DNA deletions have frequently been reported in patients with mitochondrial diseases. 1, 2 Although mtDNA is maternally inherited, single deletions are usually sporadic whereas multiple deletions are transmitted in a Mendelian fashion. All the proteins necessary for the replication and the maintenance of the mitochondrial genome are encoded by nuclear genes. Defects in such genes could result in an accumulation of de novo mtDNA deletions and could explain the Mendelian inheritance of the disease. Pedigrees with autosomal dominant progressive external ophthalmoplegia (AD-PEO) and multiple mtDNA deletions have been reported. [3] [4] [5] [6] [7] Given the many proteins potentially involved in the stability of the mitochondrial genome, genetic heterogeneity within AD-PEO families was predictable. This has been confirmed by linkage studies that assigned at least four different loci. [8] [9] [10] But no causal gene has yet been identified in the AD-PEO families where the disease locus has been determined by linkage analysis. An interesting point concerns the existence of AD-PEO locus specific signs or symptoms. AD-PEO patients have myopathies with ptosis and progressive ophthalmoplegia. These symptoms are the major findings in the 10q-linked AD-PEO family, reported by Suomalainen et al, whereas associated signs as ataxia, deafness or cataract are mainly found in non-10q-linked AD-PEO patients. 6 Nevertheless, no clinical marker is really specific and this is probably explained in part by the variable distribution of deleted molecules in the different tissues. 6, 7 Multiple mtDNA deletions have also been described in recessive disorders including neurogastrointestinal encephalomyopathy (MNGIE) [11] [12] [13] and cardiomyopathy with ophthalmoplegia (ARCO). 14 The patients with recessive disorders have multi-organ involvement but the most striking difference from dominant forms is that they present an earlier onset. 14, 15 In this study, we compare three individuals from two different pedigrees, harbouring multiple mtDNA deletions in muscle. In the first family, the onset of the disease is late (5th decade) and the transmission is evocative of an autosomal dominant disorder ( Figure 1A ). The striking difference from Mechanisms of multiple mtDNA deletions y the AD-families previously described is the absence of PEO in all affected individuals. In the second family, the disorder is evocative of a recessive form with one affected young boy only, presenting multiple mtDNA deletions in muscle (Figure 1B) . A progressive multi-organ involvement appeared in the course of the disease, including a PEO. Associated with a different clinical presentation, molecular findings are in favour of different mechanisms responsible for the multiple mtDNA deletions.
Materials and methods

Subjects
Pedigree 1
We studied two patients in a family affected by a neurological disease ( Figure 1A ). The detailed clinical features of the present family will be described elsewhere (Pouget et al, in preparation). Briefly, the first patient (III1) is a 68-year-old woman. At 50 years of age, she developed a progressive ataxia, a frontal dementia and a bulbar syndrome. She had no ophthalmoplegia, ptosis or limb weakness. The second patient (III11) is a 63 year-old man. At 59 years of age, he first presented with dysphagia and dysarthria. Bulbar weakness, facial diplegia and shoulder muscle weakness were found at the neurological examination. Behaviour changes evoked a frontal syndrome. He had no ophthalmoplegia, ptosis, cerebellar or pyramidal signs.
In both patients, cerebral MRI was normal. EMG evidenced myogenic changes. Muscle biopsy showed numerous ragged red fibres. The histochemical reaction for cytochrome c oxidase was absent in more than 30% of the fibres. Biochemical analysis evidenced a defect in complex IV activity.
The individual III2 has a different clinical presentation with diabetes and deafness. He seems to have no neurological symptoms. Unfortunately, we have few details regarding the clinical investigations, and muscular biopsy was not performed. Individuals I2, II2, II4, II5 and III9 were also affected and died of a late-onset neurological illness. Pedigree 2 Patient III4 is an 11-year-old boy born to healthy unrelated parents. The family history is not contributary and he had a healthy younger sister ( Figure 1B) . He first presented with frequent falls and he progressively developed cerebellar ataxia. Ptosis with limitation of extraocular movements are now present. He has a mild proximal muscle weakness of the upper limbs. Tendon reflexes are absent. He has a growth failure (height and weight below -2SD) but no mental retardation, deafness, retinitis pigmentosa or cardiac involvement. Brain MRI was normal. Results of nerve conduction and electromyographic studies were consistent with neuropathy and myopathy. Histopathological examination revealed typical mitochondrial myopathy features with 30% of ragged red fibres. Biochemical analysis showed decreased activities in complexes I, III and IV.
Molecular analysis
Isolation of total DNA from frozen skeletal muscle and circulating leukocytes was performed under standard conditions. The mtDNA was amplified with the Expand Long Template PCR System (Roche, Meylan, France), as previously described. 16 We used one set of primers (set 1: 1A: nt 571-598
and 1B: nt 16220-16193) to amplify in one step a 15.6 kb fragment, corresponding to the wild-type molecule. Southern blot analysis, with Pvu II digestion of total DNA (5 µg), and slot blot procedure were conducted as previously described. 12, 17 Quantification of the mtDNA relative amount was performed with a 18S rRNA probe as previously reported.
12
The boundaries of the mtDNA deletions were amplified with several set of primers: 2A: nt 8155 to nt 8176 and 2B: nt 14263 to nt 14246; 3A: nt 8128 to nt 8147 and 3B: nt 16125 to nt 16106; 4A: nt 4232 to nt 4251 and 4B: nt 9339 to nt 9320; 5A: nt 111 to nt 130 and 5B: nt 4970 to nt 4951. PCR reactions were performed under conditions depending on each primer set, with the Expand Long Template PCR System (Roche, Meylan, France). PCR products were purified using the Qiaquick PCR purification kit (Qiagen, Courtaboeuf, France) and directly cloned into the pGEM T Easy vector (Promega, Cherbonnière, France) using the single 5' A overhangs of the amplification product for the ligation. The ligated products were then used to transform Escherichia coli XL2 Blue (Stratagene, St Quentin en Yuelines, France). Double strand sequencing was performed using a T7 sequencing kit, according to the manufacturer's instructions (Pharmacia, Orsay, France).
When the 9-bp motif starting from position 8272 was present in triplicate in the intergenic COII/tRNA Lys region, a 251 bp fragment was amplified using the set of primers 6: nt 8155 to nt 8176 and nt 8397 to 9878, whereas a 242 bp product was obtained from wild-type mtDNA. Amplification products were separated by electrophoresis on a 2% Metaphor agarose gel (FMC products, Rockland, ME, USA) and stained with ethidium bromide.
Results
Identification of multiple mtDNA deletions
Using the 'Expand Long Template' PCR method with primer set 1, we amplified, in addition to the 15.6 kb wild type fragment, numerous shorter mtDNA fragments ( Figure 2A ). This result was observed in patients III1, III11 (pedigree 1) and III4 (pedigree 2) when mtDNA was extracted from muscle. When mtDNA was extracted from circulating leukocytes, a unique band corresponding to the wild-type molecule was obtained. This observation, suggesting the presence of multiple mtDNA deletions in muscle, was confirmed by a Southern blot analysis ( Figure 2B ). We found several additional bands ranging in size from 6 to 16 kb, in addition to the 16.6 kb wild-type mtDNA molecules. The three patients 12 Slot blot analysis did not show mtDNA depletion in patients from the two pedigrees either in muscle, or in leukocytes (data not shown).
PCR-based deletion mapping
Several sets of oligonucleotides were designed in order to amplify different deletion-containing regions of mtDNA Mechanisms of multiple mtDNA deletions y ( Figure 3A ). Primer set 2 allows the amplification of a 6108 bp wild-type fragment. When the mtDNA 'common' deletion is present, a 1131 bp fragment, encompassing the deletion boundaries, is observed. 18 We amplified the mtDNA from muscle of patients III1 and III11 (pedigree 1). In addition to the 1131 bp fragment corresponding to the 'common' deletion, three to four bands were observed ranging from 0.5 to 2 kb ( Figure 3B ). The same experiment was performed with patient III4 (pedigree 2). Numerous bands ranging from 0.25 to more than 3kb were found. No fragment corresponding in size to the 'common' deletion was clearly observed ( Figure 3C ). With a reverse primer located in the D-loop region (set 3), numerous bands ranging from 0.5 kb to 3 kb were observed in muscle of the three patients in addition to the 7997 bp wildtype fragment (data not shown).
Always in addition to the wild-type fragment (5107 bp), primer set 4 amplified one band of 1 kb and two bands of 1 and 4 kb from muscle of patients III1 and III11 respectively (pedigree 1). Primer set 4 failed to amplify any fragment corresponding to a deleted molecule, from muscle of patient-III4 (pedigree 2) (data not shown).
Primer set 5 allows the amplification of a 4859 bp wild-type fragment. A 965 bp band is observed when the 'HSP' deletion is present. This deletion is located near the heavy-strand promoter and has been previously reported by Moraes et al. 19 The 965 bp band with others up to 2 kb were obtained from muscle of patients III1 and III11 (pedigree 1). Primer set 5 failed to amplify a fragment corresponding to the 'HSP' deletion, from muscle of patient III4 (pedigree 2). But many deleted molecules were present (data not shown).
Amplifications with primer sets 1 to 5 failed to identify deleted molecules from leukocytes of the three patients.
The characterisation of mtDNA deletion breakpoints reveals the presence of repeat motifs in pedigree 1 but not in pedigree 2 PCR fragments, amplified from the three patients with primer sets 2 and 3, were cloned and sequenced. Within the mtDNA of patients III1 and III11 (pedigree 1), we characterised 6 and 5 different deletion breakpoints respectively (Table 1) . With the same primer sets, 10 boundaries were identified for patient III4 (pedigree 2). Sequence analysis of the breakpoint regions revealed that repeated sequences were always found at the breakpoint junctions within the mtDNA of patients III1 and III11 (pedigree 1). In contrast, such sequences were rarely found for the patient III4 (pedigree 2).
The sequencing of clones containing the breakpoint regions reveals different abnormalities in pedigree 1
The inserts present in clones containing the breakpoint regions amplified with primer set 2 were entirely sequenced 
and in a control (C). The expected size of the wild type product is 6108 bp, after amplification from DNA extracted from muscle (M) or leukocytes (L). A 1131 bp fragment is preferentially amplified from a patient harbouring a unique 'common deletion' (∆). Molecular weight marker is 1 kb ladder (M1) from Gibco BRL.
Mechanisms of multiple mtDNA deletions R Paul et al y on both strands. In patients III1 and III11 (pedigree 1), two previously described polymorphisms (G14167T and T14199C) were found in all corresponding clones. 20, 21 In patient III1 (pedigree 1), point mutations were found in three clones out of four. One point mutation was present in clone 11, two in clone 2 and four in clone 23 ( Table 2 ). In patient III11 (pedigree 1), two clones out of two contained a point mutation. In patient III4 (pedigree 2), only a A8440G mutation was found in one clone out of four. In the wild-type human mtDNA, a 9-bp motif (CCCCCTCTA) is repeated twice at positions 8272 to 8280 and 8281 to 8290 in the intergenic COII/tRNA Lys region. One copy of the same motif is found at positions 13781 to 13790. This sequence is involved in one of the deletions (corresponding to clone 11) observed in patient III1. Furthermore, we have found that this motif is present in triplicate from position 8272 in both patients of pedigree 1 ( Figure 4) . We looked for the presence of this motif in triplicate, from position 8272, in patients from the 2 pedigrees and in controls ( Figure 4) . It was observed in a homoplasmic state in blood and muscle of patient III11 (pedigree 1). It was present in a heteroplasmic state in blood and muscle of patient III1 . We never found three copies of this motif from position 8272 in patient III4 (pedigree 2), or in 50 controls.
Discussion
In this report, we compare two different families with affected individuals harbouring multiple mtDNA deletions in muscle. The mode of transmission, the age of onset, the clinical history are different. In the first family, the deletions appear to be inherited in a Mendelian manner, being possibly dominant unlike the absence of a father's transmission. A striking difference from the previously reported AD-families harbouring mtDNA deletions is the absence of ptosis and ophthalmoplegia in the patients. In the second family, the affected individual was much younger at onset, a common feature in autosomal recessive disorders. All affected individuals belonging to the two pedigrees evidenced typical morphologic and biochemical abnormalities of mitochondrial disorders in skeletal muscle. In a recent study, Carozzo et al found low numbers of abnormal muscle fibres in AR-PEO patients. 15 In contrast, 30% of ragged red fibres were found in the muscle of patient III4 (pedigree 2), atypical for his young age. All these differences illustrate the difficulties of searching for responsible genes on the basis of clinical features. Molecular analysis of the mitochondrial genome showed several differences among patients belonging to the two families. Repeated sequences were present at the breakpoint junctions in the first pedigree. Such motifs were not found in the young patient's case indicating that the involvement of repeated motifs in deletional mechanism was probably not essential in the second pedigree. In their comparative study, Carozzo et al found the HSP deletion in the AD-PEO but not in the AR-PEO patients. 15 We found this deletion in patients III1 and III11 from pedigree 1, after cloning and sequencing the PCR products resulting from an amplification with the oligonucleotide set 5 (data not shown). Using the same method we did not find the HSP deletion in patient III4 from pedigree 2, among sequenced clones that were all different and did not contain repeat motifs (data not shown). Carozzo et al suggested that the presence of the HSP deletion might be a 'genetic marker' of the AD-PEO disorders. The breakpoint junctions of this deletion is flanked by obvious repeated sequences. In that instance the HSP deletion was not found in a AD-PEO Finnish family, 6 linked to chromosome 10. In this family, mtDNA multiple deletions were not flanked by repeated sequences. Thus, in our opinion, the HSP deletion might be a marker of a deletion mechanism involving repeated motifs rather than a marker of AD-PEO disorders. The complete sequencing of the inserts, resulting from the amplification with primer set 2, highlighted an interesting point. In the first pedigree, it revealed the presence of clonespecific point mutations. The T13961C mutation found in clone 2 (patient III1) creates a MnlI restriction site. PCR-RFLP analysis was performed to estimate the percentage of mtDNA molecules harbouring this mutation in this patient. We did not observe digested PCR fragments resulting from the creation of a new Mnl1 restriction site (data not shown). It is difficult to ascertain the significance of the point mutations found in pedigree 1. One cannot exclude errors of polymerases but the amplification was performed with an enzyme mix containing Taq and Pwo DNA polymerases, with an error rate of 15. 10 -6 (Expand Long template PCR system, Boehringer). On the other hand, all the 11 deletion breakpoints characterised in pedigree 1 were different. Presumably the percentage of each mutation is too low to detect easily whether a common mechanism generates a combination of de novo deletions and point mutations. Our results need to be confirmed by further studies in other families. The intergenic region between the cytochrome oxydase II and lysine tRNA genes (COII/tRNALys) contains two tandemly repeated copies of the 9-bp sequence CCCCCTCTA. The triplication of this 9-bp motif seems to be rare. 22, 23 In the first family, the CCCCCTCTA sequence is involved both in a large deletion (patient III1, clone 11) and in the expansion of the repeat observed in the four individuals tested. One of them is asymptomatic (III12) but all had an affected mother (II2 and II5). The presence of the triplication in homoplasmic and heteroplasmic states in the same generation is not in favour of a polymorphism. A relationship between replication slippage of repeated sequences and a defect in a DNA repair system has been advanced. 24 In the first pedigree, deletions and the 9-bp triplication might be secondary to No post replicative mtDNA repair system gene has been yet identified in mammals. In E. coli, the MutS protein belongs to the MutHLS mismatch repair system. A mutation in the muts gene results in an accumulation of point mutations as well as in deletions, increased by the presence of repeated motifs. 25 In Saccharomyces cerevisiae, the MSH1 (MutS Homolog 1) gene encodes for a mitochondrial protein. 26, 27 MSH1-deficient yeast mutants present a 'petit' phenotype, characteristic of a functional deficiency of the respiratory chain, with mtDNA point mutations and major rearrangements. The mtDNA alterations found in the first family reported in our study might point to a defect in a human homolog of the Saccharomyces cerevisiae MSH1 gene. Further studies will be necessary to determine whether a defect in a mtDNA mismatch repair system is involved in some families with multiple deletions. However, a careful molecular analysis can help to classify these disorders in the aim to facilitate linkage analyses and identification of candidate genes.
